Abstract L x-ray spectrometry is shown to be a promising cost efficient technique for assaying several radionuclides in soil simultaneously without prior chemical separation. Analysis is performed with a unique Si(Li)-NaI(Tl) spectrometer. The Si(Li) detector, with thin windows on both surfaces, is mounted on its edge to permit counting x rays from two samples simultaneously. With a thin soil sample on each of its sides this detector is sandwiched between two large NaI(Tl) scintillators. When the Si(Li) detector is operating in anticoincidence with the NaI(Tl) crystals the y background in the x-ray spectrum is reduced by 50%. Thus, this spectrometer has four times the sensitivity of a conventional Si(Li) spectrometer. Initial measurements were made with a prototype spectrometer consisting of a 3 cm2 Si(Li) detector having a resolution of 350-400 eV and two 5"x4" NaI(Tl) scintillators. A 30 cm2 Si(Li) detector array with two 12"x6" NaI(Tl) crystals is under development. Measurements of Pu in soil containing 24lAm, from Rocky Flats, and Pu in soil containing 137Cs, from a waste-discharge site, are in good agreement with radiochemical measurements. Activity as low as 1 pCi/g of the natural U and Th in soil has been measured. With the array the minimum detectable Pu activity is expected to be 1 pCi/g which corresponds to a concentration of 10-7 -10-5 ppm by weight.
Introduction
Measurements of low level radioactivity in samples of soil, sediment, and biota are usually done by a radiochemical procedure whereby the radionuclides are first chemically separated from the soil, then purified, and finally analyzed by a spectrometry. The accuracy of this method has an inherent limitation in that it depends on the completeness of the chemical extraction. Thorough separation and purification is time consuming and laborious hence radiochemical analysis is costly.
Direct photon spectrometry of the soil sample circumvents the above limitations by not requiring chemical separation. It therefore offers an attractive alternative with the potential of being faster and more cost efficient.
Brauer et all have measured 241Am and Pu in soil by photon spectrometry using a Ge(Li) detector for the measurement of the 59.54 keV y ray from 241Am and a Si(Li) detector for the measurement of the Pu/241Am LS x-ray ratio. Strauss et a12 have studied the feasibility of a unique Si(Li)-NaI(Tl) x-ray spectrometer with an expected measurement sensitivity of 1 pCi Pu per gram of soil which corresponds to a concentration of 10-7 -10-5 ppm by weight. In the present paper we report the first experimental results obtained with a Si (Li) -NaI(Tl) prototype spectrometer.
* Work was performed under the auspices of the U.S. Department of Energy.
II. X Rays vs. a Rays Direct measurement of radioactivity in soil can be made by L x-ray spectrometry as well as by y-ray spectrometry. For actinides the LS1 x-ray intensity is less than 20% of the emission of the a particles (Table  Al) . However, since the range of the x rays is considerably longer than that of the a particles, the soil samples for x-ray spectrometry can easily be made several millimeters thick thereby offsetting the lower emission intensity of the x rays. Increasing the sample size for a spectrometry would require chemical separation of more soil which is a time consuming and costly process.
The energies of L x-rays characterize the elements but not the isotopes which emit them. The emission intensity, which is unique to each isotope, and knowledge of the relative isotopic abundance are required for a activity measurement by x-ray spectrometry. If a orior-information about the isotopic abundance is not available, measurement by another method must be made. The need to resort to other means to obtain the isotopic abundance is a basic limitation of x-ray spectrometry. In principle a spectrometry does not have this limitation but in practice there are cases where it does. The energies of the a particles emitted from 239Pu and 240Pu differ by only 13 keV. A similarly small difference exists between the energies of the a particles emitted in the decay of 238Pu and 241Am.
Present charged particle detectors cannot readily resolve such closely spaced energy peaks. When the measurement involves unresolved peaks from isotopes of the same element and a priori information about the isotopic abundance is not available, one has to resort to techniques such as mass spectrometry. When the measurement involves unresolved peaks from different elements, chemical separation prior to a spectrometry can circumvent the above resolution limitation by making it possible to count separately individual elements, or groups of elements. This differs from x-ray analysis in which all elements are always counted simultaneously. The above discussion assumes that complete isotopic analysis is desired; however, it is not required for activity determination by a spectrometry.
III. X Rays vs. r Rays
Gamma rays uniquely identify the nuclide which emits them and in most cases their energy peaks can be separated with high resolution Ge detectors. Hence, with adequate emission intensity y-ray spectrometry would be an ideal technique for assaying radionuclides in soil. The emission intensities and the expected count rates of x rays and y rays are listed in Table 1 . Depending on the isotopic abundance, the scatter tail from one nuclide may produce serious interference with the peak of another nuclide.
b. In the presence of 241Am, interference is likely due to the 43.41 keV y ray which is emitted with an absolute intensity of 9.1 x 10-4. c. If 238Pu and 244Cm are present interference is likely as both emit 152 keV y rays. d. 212Bi produced in the decay of 232Th in soil, emits a 39.87 keV y ray with an absolute intensity* of 3.1 x 10-2. Assuming there are 0.6 pCi of 232Th per g of soil and that it is in secular equilibrium with its daughter products, the count rate in the 39.87 keV peak would be 2.4 x 10-2 cnts/min in a 1 cm2
detector.
e. In the presence of 241Am, interference is likely not only due to the scatter tail from the intense 59.54 keV peak but also due to the Ge Ka escape peak (-49.7 keV). f. 228Ac, produced in the decay of 232Th in soil, emits a 129.1 keV y ray with an absolute intensit* of 2.6 x lo-l. Assuming there are 0.6 pCi of 232Th per g of soil and that it is in secular equilibrium with its daughter products, the count rate in the 129.1 keV peak would be 5.8 x lo-1 cnts/min in a 1 cm2 detector. g. In the presence of Pu interference is likely due to the UKal x ray (98.43 keV).
We emphasized Pu because of its importance in environmental monitoring and waste management. The In fact the spectrometric value of several of the y peaks at low activity levels is questionable as indicated in the last column. Thus at Pu and Cm activity levels of 1 pCi/g soil the L x-ray count rate in the peaks which are free from interference is at least 10-100 times higher than that from y rays. Hence we chose to pursue the development of an x-ray spectrometer.
IV. Spectrometer
A Si(Li)-NaI(Tl) x-ray spectrometer having the configuration shown in Fig. 1 has been developed. The Si(Li) detector, with thin windows on both surfaces, is mounted on its edge in a liquid-nitrogen cooled cryostat and is flanked on both sides by large NaI(Tl) detectors. A 3-6 mm thick soil sample is sandwiched between the Si(Li) detector and each of the NaI(Tl) scintillators. The x-ray spectrum from the soil is measured with the Si(Li) detector. Scatter in the Si(Li) detector of gamma rays from the soil will in general add to the continuum of the x-ray spectrum. However, since Si is a low Z material and is consequently not very sensitive to y rays, this effect is relatively small. Moreover, in this spectrometer a scatter event may be rejected with a signal from one of the NaI(Tl) detectors. Only events that are detected in the Si(Li) crystal in anticoincidence with the NaI(Tl) crystal are recorded in the multichannel analyzer. Thus, compared with a conventional Si(Li) detector system this spectrometer has twice the detection area for a given size detector and a reduced continuum, hence higher sensitivity.
A photograph of the actual detectors as they are situated inside the radiation shield is shown in Fig. 2 . The shield walls are made of 10 cm thick steel lined with 6 mm lead and 3 mn high-purity copper.* An overall view of the shield, which weighs approximately 3600 kg, is shown in Fig. 3 . To reduce vibration of the liquidnitrogen dewar and in turn noise due to microphonics, the dewar is placed on a platform that is suspended from the shield. Photograph of 3600 kg, Pb and Cu lined steel radiation shield containing the Si(Li)-NaI(Tl) x-ray spectrometer. Liquid nitrogen dewar is suspended from shield to reduce microphonic-induced noise.
an edge-mounted Si(Li) detector array in a configuration identical to that shown in Fig. 1 . The array is expected to have a 10-fold increase in detection area (60 cm2) and be flanked by two 12" diameter by 6" thick NaI(Tl) scintillators.
V. Results
The performance of the prototype spectrometer has been evaluated by assaying a variety of soil samples.
The UL x-ray spectrum from a Pu source is shown in Fig. 4 . It has several peaks in the range of 11-22 keV the most prominent of which are the a, a, and y complexes. L x-ray spectra from other actinides have X-ray spectrometry provides the capability to assay several radionuclides simultaneously. This is particularly important in the case of Pu, which almost always is accompanied by 241Am, as can be seen in the spectrum from the Rocky Flats soil (Fig. 6) . The Np x rays from the decay of 241Am are just above the U x rays from Pu. Pu measurements were made by stripping off the Np spectrum with an 241Am source and then analyzing the UL«1 peak.
Soil containing high level waste can be expected to contain several actinides in addition to Pu. Effect of y radiation from soil on continuum.
Upper spectrum obtained from soil containing 88 pCi/g 137Cs in addition to 27 pCi/g 238,239Pu. Lower spectrum obtained from natural soil. Note that continuum level due to y activity from 137Cs in upper spectrum is four times higher than continuum from natural soil in lower spectrum.
some waste repositories. The UL81 peak is reasonably well resolved from the adjacent NpLO peaks, however it directly overlaps the PuL02 peak produced in the decay of 244Cm.
In addition to actinides, soil contaminated by radioactive waste may also contain y-emitting fission products. When these y rays interact in the Si(Li) detector, they Compton scatter thereby depositing part of their energy in the crystal. This increases the continuum level in the x-ray spectrum and, in turn, increases the minimum detectable activity of the nuclides of interest. A spectrum from soil containing 88 pCi/g 137Cs in addition to Pu is compared with that of natural soil in Fig. 8 . The continuum level due to 137Cs (upper spectrum) is four times higher than that due to the natural radiation in soil (lower spectrum). Thus strong y activity in soil could seriously reduce the sensitivity of the spectrometer. The NaI(Tl) detectors are intended to minimize this effect. The spectrum from the soil containing the 137Cs, as obtained with the Si(Li) detector only, is shown again in the lower part of Fig. 9 . The upper part shows the spectrum from the same soil sample but in this case the Si(Li) detector was operating in anticoincidence with the NaI(Tl) detectors. The continuum of the upper spectrum is seen to be reduced by 40%. In natural soil (Fig.10) the continuum in the 10-20 keV range is not only due to y rays, but also due to x rays, which are not affected by the NaI(Tl) detectors. Therefore the continuum reduction (upper spectrum) in that energy range is somewhat less (32%) than above 20 keV where it approaches the 40% observed when the background is predominently due to y radiation (Fig. 9) .
We have analyzed by x-ray spectrometry several soil samples that have been previously analyzed radiochemically. The results of the two methods of analysis are given in Table 2 . Since x-ray energies characterize elements and not individual isotopes, the x-ray analysis must be based on known isotopic ratios. The isotopicactivity ratios used are given at the bottom of the Flats used in these measurements contained 241Am (Fig.6) which was removed from the spectra by stripping and that the soil from the waste-discharge site contained 137Cs which produced a y continuum considerably higher than that from natural soil (Fig. 8) .
VI. Discussion
The sensitivity of this spectrometer is demonstrated in the measurement of the spiked soil (Fig. 5) In the case of a single radionuclide which is adequately separated from adjacent peaks (no spectrum stripping required) the minimum detectable level is limited by the continuum on which the peak of interest is superposed. The natural activity in soil produces 70% of the continuum. Most of the remainder is accounted for by the ambient background inside the radiation shield. Thus for reasonable counting times the sensitivity of this method, using the Si(Li) detector array, is expected to be 1 pCi/g, which is comparable to the natural activity in soil. The presence of yemitting fission products in soil would increase the continuum and thereby reduce the sensitivity.
The effectiveness of the NaI(Tl) detectors in reducing the continuum is limited by their efficiency at the y-ray energies of interest and by the solid angle they subtend about the Si(Li) detector. To (not peak efficiency) was 0.25 for each detector. This would result in a residual continuum of 1-0.5 and a continuum reduction factor of 1/(1-0.5) = 2. The separation distance between the NaI(Tl) crystals in the prototype spectrometer ( Fig. 1) is 24 mn, hence we would expect the continuum observed in the anticoincidence mode of operation to be 50% of the original continuum. However, since it was impossible to properly center the NaI(Tl) crystals about the Si(Li) detector in this version of the spectrometer, the residual continuum was 60% as seen in Fig. 9 . In the next version of the spectrometer we expect it to be closer to 50%.
Generally the deexcitation of a nucleus following an a or 6 decay proceeds either by y emission or by internal conversion which may be accompanied by x-ray emission. However, the deexcitation of some levels is via a cascade of two or more transitions where both y emission and internal conversion may occur. In such cases the x ray is emitted with a prompt y ray and therefore may be rejected due to the anticoincidence condition. Thus in the process of reducing the continuum, the peaks may also be reduced. This is apparent in the spectra of Fig. 10 . The a decays of 238,239,240Pu do not involve cascades which produce L x rays and y rays in coincidence. This is reflected in Fig. 9 where the ULS1 peaks in the upper and lower spectra are of equal intensity.
The minimum activity that can be detected to a given statistical accuracy in a reasonable time is limited by the continuum underlying the peak of interest. When the background is large compared with the peak, this measurement time is inversely proportional to the counting rate in the peak and also to the peakto-background ratio. Mounting the Si(Li) detector on its edge permits counting two samples simultaneously thereby doubling the peak counting rate without affecting the peak-to-background ratio. The use of the detector in anticoincidence with the NaI(Tl) crystals decreases the continuum by a factor of two thereby also doubling the peak-to-background ratio. Thus the minimum activity in soil that is detectable with this spectrometer is reduced four times as compared with that of a conventional Si(Li) spectrometer. When the background is small compared with the peak, the required measurement time is merely proportional to the inverse counting rate in the peak. For such cases this spectrometer has twice the sensitivity of conventional Si(Li) spectrometers.
The measurements of the soil samples by x-ray spectrometry are generally in good agreement with the radiochemical analyses ( Table 2 ). At present we have not determined the uncertainties in our measurements.
While the standard deviation due to the counting statistics was 10%, the calibration errors were not evaluated. The calibration standards were made by spiking natural soil but the soil was not measured to determine if it indeed contained the specified activity.
The distribution of radionuclides in soil is often not homogeneous. Thus the sample we measured by x ray analysis may not have had the identical composition as that measured radiochemically, albeit that the two small samples were parts of a single larger one. The same may also be true for the spiked calibration standard. It was assumed that the mass-attenuation coefficient p/p of the unknown soil samples is the same as that of the spiked calibration standards and therefore the x-ray attenuation in both would be the same. The validity of this assumption has not been verified. The x-ray analyses were based on the radiochemical determinations of the relative isotopic abundance and were not checked independently. Furthermore, since we did not have spiked calibration standards for all the isotopes of interest, some of the calculated x-ray emission intensities2 (Table Al) were used in the analysis. While the above uncertainties in the calibration process exist, the fact that there is good agreement between the x-ray and radiochemical measurements for several different samples clearly indicates that accurate assaying of trace radionuclides in soil by L x-ray spectrometry is a promising technique.
Knowledge of the relative isotopic abundance is required for activity measurements by x-ray spectrometry. Since this abundance is not likely to vary substantially in any given location, a few such measurements could provide the information necessary for x-ray analysis of many samples from that area. Moreover, since only the relative isotopic abundance is required, such a determination is considerably less demanding than the determination of the absolute abundance.
The importance of high energy resolution can be readily appreciated from Figs. 6 mounted Si(Li) detector operating in anticoincidence with two large NaI(Tl) scintillators, one on each of its two sides. This configuration yields 2-4 times the sensitivity of a conventional Si(Li) spectrometer having an equal size detector.
Measurements of activity as low as that of the natural U and Th in soil have been made. An x-ray spectrum of soil spiked with 5 pCi/g 239Pu is presented. The NaI(Tl) detectors reduce the y continuum in the x-ray spectrum by 50% thus permitting low level activity measurements in the presence of y-emitting fission products in soil. Soil from a waste-discharge site containing 137Cs has shown a continuum level four times higher than that of natural soil. Energy resolution of 300-400 eV permits analysis of multiple radionuclides simultaneously as shown by a spectrum of Rocky Flats soil and one made with four actinides. Analyses by L x-ray spectrometry of several soil samples containing activities ranging from 1-75 pCi/g are in good agreement with radiochemical analyses.
An array of edge-mounted Si(Li) detectors is currently under development. The array is being designed to have 10 times the area and hence 10 times the efficiency of the present prototype detector and therefore its use would require only 1/10 of the measurement time. A measurement of 10±2 pCi/g 239Pu is expected to take one to two hours. L x-ray spectrometry promises to be a simple, fast, and cost-effective technique for routine soil analyses. In addition it is well suited for environmental monitoring where it is desired to screen a large number of soil samples to determine if the radioactivity therein exceeds a given minimum level. For a 10 pCi/g 239Pu level, a counting time of only 10-20 min would be required with the array to establish with 90% confidence the presence or absence of activity in the sample.
X-ray spectrometry may also find use as a complement to in-situ monitoring. Such surveys, made with y-ray spectrometers, essentially measure only surface activity. The soil-depth activity profile could then be determined by x-ray spectrometry from selected soil samples.
Appendi x L X-RAY INTENSITIES FROM ACTINIDES
Gamma-ray as well as x-ray spectrometry requires knowledge of the photon emission intensities. While y-ray intensities have been measured extensively, very few x-ray measurements have been made. In an earlier study2 we reported the calculated intensities of L x rays emanating from natural soil and those emitted in the decay of Pu and Am. Because of the current interest in measuring transuranic activity in soil, we recently calculated the L x-ray intensities from 237Np and 244Cm, and revised the previous values for 238,239J240Pu and 241Am. The results of these calculations are presented in Table Al. The intensities shown were obtained by first calculating the total x-ray emission intensity produced in the decay of the parent nuclide. The calculations of the individual x-ray intensities were then based on the relative conversion-electron intensity for each transition multipolarity in a given decay. The procedure for these calculations has been outlined in a previous publication2. The calculated total emission intensities for the above nuclides are given in Table  A2 . These are based on many indirect measurements such as internal-conversion coefficients, y-emission intensities, and branching intensities. Direct measurements of total x-ray intensities as reported in the literature are also listed in 
